Introduction
Behavioral shifts between different light environments, such as changes from diurnal to nocturnal activity patterns, have led to major modifications to the vertebrate eye over evolutionary time (Walls 1934; Walls 1942; Davies et al. 2012 ). These modifications involve changes to the types of photoreceptor cell present in the retina, changes in cell morphology, and alterations to the ancestral gene complement used by these cells to transmit light into a biochemical signal (Walls 1942; Simões et al. 2015; Lamb and Hunt 2017) . Two types of photoreceptors are present in most vertebrate retinas, rods and cones, used for low-light vision and daylight vision, respectively (Kojima et al. 1992; Lamb 2013) .
Rods and cones possess significant differences in their sensitivities to light (rods being more light-sensitive than cones) and phototransduction speed (cones transmit biochemical signals faster than rods) (Li et al. 2010) , providing tradeoffs in the selective forces driving adaptation to differing light environments (Simões et al. 2015; Schott et al. 2016) . Indeed, lineages that have experienced dramatic evolutionary shifts in light environment during their evolution, such as snakes and geckos, have seen concomitant changes photoreceptor cell complement, resulting in photoreceptor cell loss and subsequent 'transmutation', a process where cones take on a rod-like morphology or rods take on a cone-like morphology (Walls 1934; Walls 1942; Pedler and Tilley 1964; Tansley 1964;  and key members of the phototransduction cascade -among extant species, in a phylogenetic context, facilitates investigation of visual adaptation to a particular light environment (Serb and Oakley 2005) . For example, investigating the loss of SWS2 and RH2 photopigments in most mammals provided evidence of a socalled "nocturnal bottleneck", a period of dim-light adaptation early in their evolutionary history (Walls 1942; Menaker et al. 1997; Gerkema et al. 2013) .
Geckos are thought to be ancestrally nocturnal -with multiple, independent transitions back to diurnality throughout their evolutionary historymaking them an important model for investigating how changes in light environment impact vision (Walls 1934; Walls 1942; Kojima et al. 1992; Röll 2000; Roth & Kelber 2004; Gamble et al. 2015) . All gecko species appear to have a retina composed of a single photoreceptor type having, at least superficially, a rod-like morphology (Walls 1942; Underwood 1951; Underwood 1954; Röll 2000) . In fact, it was the presence of rod-like cells in the retinas of the limbless pygopodids that provided important evidence that these lizards were, in fact, geckos (Underwood 1954; Underwood 1957) . Examination of tokay gecko (Gekko gecko) opsins and other phototransduction genes have shown that, despite their rod-like morphology, they produce solely cone proteins, consistent with the 'transmutation' hypothesis (Walls 1942; Crescitelli et al. 1977; Kojima et al. 1992; Yokoyama and Blow 2001; Zhang et al. 2006) . Furthermore, detailed examination of the cellular ultrastructure reveals many characteristics unique to cones and the cellular morphology is only superficially rod-like (Röll 2000) .
Despite their historic importance for studying visual system evolution, nearly all studies of the molecular components of the gecko visual system were performed within the genus Gekko (mostly Gekko gecko) and a few species of Malagasy day geckos (Phelsuma ssp.) (Crescitelli et al. 1977; Kojima et al. 1992; Loew et al. 1994; Taniguchi et al. 1999; Taniguchi et al. 2001; Yokoyama and Blow 2001; Roth et al. 2009; Liu et al. 2015) . Both genera are in the family Gekkonidae, which is nested within the infraorder Gekkota (composed of seven families) and fail to show whether these changes are gecko-wide or specific only to the family Gekkonidae (Fig. 1) . Indeed, Underwood (1954) suggested that transmutation occurred up to three times in geckos and gecko rod-like retinas evolved repeatedly through convergent evolution. More recently, the examination of pseudogenes in the Gekko japonicus genome suggested a step-wise loss of visual opsins, with loss of SWS2 occurring approximately ~202 million years ago (mya), preceding the loss of the rod opsin, RH1, ~81 mya (Emerling 2017b), well after the hypothesized divergence of extant gekkotan families ~120 mya (Gamble et al. 2011; Gamble et al. 2015) . It remains unclear whether the cone-to-rod transmutation and loss of rod photoreceptors occurred prior to the diversification of extant geckos, and, thus, is ubiquitous across all gecko species.
By combining data from two published gecko genomes with six de novo eye transcriptomes, we here, for the first time, investigate the early evolution of gecko vision across the entire phylogenetic breadth of extant geckos. We find that a suite of rod genes, as well as the cone-opsin, SWS1, are not expressed in any sampled gecko species, consistent with (i) a single loss of rods and (ii) a cone-to-rod transmutation during a "nocturnal bottleneck" in the most recent common ancestor (MRCA) of extant geckos.
Materials and Methods

RNAseq and Transcriptome Assembly
We euthanized and removed whole eyes from 5 geckos, representing the breadth of extant gecko diversity ( Fig. 1 ; Correlophus ciliatus, Gehyra mutilata, Hemidactylus turcicus, Lialis burtonis, and Phelsuma laticauda). All species are nocturnal or crepuscular except P. laticauda, which is diurnal. Tissues were flash frozen at -80˚C in TRIzol™ reagent. RNA extraction, library prep, and transcriptome assembly processes are identical to those described by Pinto et al. (2019) 
Ortholog Identification and Phylogenetic Analyses
We downloaded a set of 35 key phototransduction genes, including opsins, assumed to be present in the ancestor to all tetrapods (Schott et al. 2018 ), for nine species (Supplemental Table 3 Pinto et al. 2019 ) and the five gecko species described above (Supplemental Table 3 ).
Four transcripts, GNAT2 in Correlophus, GNGT2 and GUCY2D in Lialis,
and SAG in Hemidactylus, were not found in the assembled transcriptomes.
However, since the numbers of assembled de novo transcripts can vary greatly when assembled from short-reads (Zhao et al. 2011) , we suspected that these 'missing' transcripts were sequenced, just not assembled. We confirmed their presence by mapping quality-filtered RNAseq reads to the respective transcript of their closest sampled relative using Geneious ® [v11.1.2]. Similarly, two genes (GNAT1 and GUCY2F) had functional copies present in the two gecko genomes but were not assembled in any of the five gecko transcriptomes. We mapped RNAseq reads to GNAT1 and GUCY2F CDSs from the G. japonicus genome but recovered no transcript for either gene in any sampled geckos. We performed the same read mapping strategy to all rod-specific transcripts that were consistently missing from all gecko transcriptomes. To visualize these data, we produced a character matrix indicating presence/absence of each phototransduction gene from the genome or transcriptome for every sampled species (Fig. 2) 
Results and Discussion
We assembled de novo eye transcriptomes for five gecko species and one chameleon, Chamaeleo calyptratus (assembly statistics and benchmarking information are in Supplemental Table 1 ). We recovered the same 25 (out of 35)
phototransduction genes in the RNAseq data from the five gecko eyes. We recovered 31 (out of 35) phototransduction genes from the chameleon transcriptome (Fig. 2) . Eight rod-specific genes, including the visual opsin RH1, were missing in all the gecko transcriptomes, which supports the hypothesis that rod cells were lost in the MRCA of extant geckos (Fig. 1b) . Similarly, the conespecific opsin, SWS2, was missing from all sampled geckos but present in chameleon. Maximum-likelihood phylogenies from visual opsins (Supplemental While there was broad concordance between our transcriptomic data and the genome data from the geckos Eublepharis and Gekko, there were two genes that were not expressed in the eye but still had functional copies in the genomes.
Transcriptomic data indicates loss of expression of the rod-specific GNAT1, which retained functional copies in the Gekko and Eublepharis genomes, suggesting an additional function for this gene outside of the eye. Similarly, the rod and cone gene, GUCY2F, was not expressed in gecko or chameleon eyes although functional copies were found in all sampled squamate genomes. Given that expression is also missing in snakes (Schott et al. 2018) , the loss of GUCY2F expression in the eye is likely squamate-wide.
We observed no differences in the occurrence of core phototransduction transcripts among the sampled gecko eyes (Fig. 2) . These results are consistent with the MRCA of geckos going through a nocturnal bottleneck that resulted in the transmutation of cones into a rod-like morphology and loss of rod cells (Fig.   1b) . Nocturnal bottlenecks are known from mammals and crocodilians and both led to significant changes to the expression of photopigments and phototransduction genes in the eye (Gerkema et al. 2013; Emerling et al. 2017a ).
Snakes are also thought to have gone through a visual bottleneck, likely due to a fossorial ancestor, which, coupled with more recent transitions in diel activity, has led to repeated transmutations of rod-like and cone-like cells (Walls 1942; Schott et al. 2016; Simões et al. 2016 ). Thus, within squamate reptiles, two visual bottlenecks (fossoriality in snakes and nocturnality in geckos) accompanied a different set of phototransduction gene losses and subsequent cellular transmutations. In some snakes, all-cone retinas have been observed via a rodto-cone transmutation (Schott et al. 2016 ). However, in geckos, the loss of RH1
and accompanying rod phototransduction genes provides conclusive evidence of a single loss of ancestral rod cells and a transmutation of ancestral cones to a rod-like morphology (Walls 1942) .
Results presented here provide the first molecular evidence that gecko species spanning the gekkotan phylogeny share a visual system shaped by adaptation to a low light environment and nocturnality. Gecko eyes are characterized by the loss of the cone-opsin SWS1, rod photoreceptors, and the majority of rod-specific phototransduction genes. Prior characterizations of the gekkonid visual system using Gekko gecko and Phelsuma are thus representative of gekkotan eyes overall, at least at the molecular level (Crescitelli et al. 1977; Kojima et al. 1992; Loew et al. 1994; Taniguchi et al. 1999; Taniguchi et al. 2001; Yokoyama and Blow 2001; Zhang et al. 2006; Roth et al. 2009; Liu et al. 2015) . While most rod-specific phototransduction genes that we searched for were no longer expressed in the eye, some functional rod-specific genes remained. These may be genes that retain some function elsewhere in the retina, or may have been co-opted in the transmutation of cone cells into their rod-like morphology. Further research that localizes expression of these remaining rodspecific genes in the gekkotan retina would help resolve this.
Additional lines of evidence also support a nocturnal ancestor in geckos.
These traits are widespread in geckos and include numerous adaptations to a low-light lifestyle, including: sustained locomotion at low temperatures (Autumn et al. 1999) ; olfactory specialization (Schwenk 1993) ; widespread acoustic communication (Gans and Maderson 1973; Marcellini 1977) ; and additional eye modifications such as increased size, pupils capable of extreme constriction and dilation, and retinas lacking foveae (Röll 2001) . Finally, comparative phylogenetic analyses of diel activity patterns of extant geckos also indicate the MRCA of extant geckos was nocturnal (Gamble et al. 2015) . When combined with the molecular data presented here, these multiple lines of evidence overwhelmingly support a "nocturnal bottleneck" of the MRCA of extant gecko lizards. This led not only to a dramatic restructuring of the eye to adapt to low-light vision, but also to changes in nearly all aspects of gekkotan morphology, physiology, and behavior. Thus, if geckos weren't already interesting enough, the re-evolution of diurnality has occurred repeatedly in this clade (Gamble et al. 2015) . With luck, future work will elucidate the molecular evolution of visual opsins and other phototransduction genes as they adapt from ancestral nocturnality to diurnality across the breadth of independently-evolved shifts in diel activity pattern.
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